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Abstract Brown rot (BR) caused by Monilinia spp. leads to
significant post-harvest losses in stone fruit production, espe-
cially peach. Previous genetic analyses in peach progenies
suggested that BR resistance segregates as a quantitative trait.
In order to uncover genomic regions associated with this trait
and identify molecular markers for assisted selection (MAS)
in peach, an F1 progeny from the cross “Contender” (C,
resistant)×“Elegant Lady” (EL, susceptible) was chosen for
quantitative trait loci (QTL) analysis. Over two phenotyping
seasons, skin (SK) and flesh (FL) artificial infections were
performed on fruits using a Monilinia fructigena isolate. For
each treatment, infection frequency (if) and average rot diam-
eter (rd) were scored. Significant seasonal and intertrait
correlations were found.Maturity date (MD) was significantly
correlated with disease impact. Sixty-three simple sequence
repeats (SSRs) plus 26 single-nucleotide polymorphism
(SNP) markers were used to genotype the C×EL population
and to construct a linkage map. C×EL map included the eight
Prunus linkage groups (LG), spanning 572.92 cM, with an
average interval distance of 6.9 cM, covering 78.73 % of the
peach genome (V1.0). Multiple QTL mapping analysis includ-
ing MD trait as covariate uncovered three genomic regions
associated with BR resistance in the two phenotyping seasons:
one containing QTLs for SK resistance traits near M1a (LG C×
EL-2, R2=13.1–31.5 %) and EPPISF032 (LG C×EL-4, R2=
11–14 %) and the others containing QTLs for FL resistance,
near markers SNP_IGA_320761 and SNP_IGA_321601
(LG3, R2=3.0–11.0 %). These results suggest that in the C×
EL F1 progeny, skin resistance to fungal penetration and flesh
resistance to rot spread are distinguishable mechanisms consti-
tuting BR resistance trait, associated with different genomic
regions. Discovered QTLs and their associated markers could
assist selection of new cultivars with enhanced resistance to
Monilinia spp. in fruit.
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Introduction
Brown rot (BR) is a major stone fruit disease, caused by
Monilinia spp. necrotrophic fungi (Ascomycota). BR affects
stone fruit crops in warm and humid climates worldwide,
leading to dramatic productivity losses in the field and in
post-harvest operations (EPPO/CABI 1997). Predominant
species are Monilinia fructicola in America and Monilinia
laxa and Monilinia fructigena in Europe, the latter associated
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also to BR of pome fruit. Asexual spores or conidia are the
major inoculum source of the disease. In immature fruits,
conidia can form appressoria to remain quiescent
(Adaskaveg et al. 2000; Lee and Bostock 2006, 2007).
Hyphae infect fruits by either degrading the cuticle and epi-
dermal tissue (Bostock et al. 1999) or directly entering
through pre-existing skin micro-cracks. The fruit is finally
rotten and mummified, producing large quantities of spores
that can hover through winter and infect plant tissues the
following year (Adaskaveg et al. 2008).
Currently, the preferred method to control the disease is the
application of fungicides on flowers and fruits. The quantity of
applied chemicals can be very high when climatic conditions
favor the infection (Yoshimura et al. 2004). For this reason,
BR is considered one of the major causes of pesticide use on
stone fruits (Ritchie 2000). On the other hand, new strains of
Monilinia spp. resistant to some fungicides have been recently
reported (Yoshimura et al. 2004; Luo et al. 2008; Amiri et al.
2009, 2010), indicating that such control methods may be-
come poorly effective. An attractive strategy to overcome this
problem is the use of cultivars with enhanced disease resis-
tance (Juroszek and Tiedemann 2011), allowing for reduced
fungicide inputs and more sustainable and environment-
friendly cropping practices.
Breeding programs aimed at enhancing BR resistance are
impaired by time-consuming procedures for assessing this
trait on field-grown segregating trees. Therefore, an important
objective is the generation of new tools for the early selection
of seedlings with enhanced BR resistance. Marker-assisted
selection (MAS) is a valuable strategy for these purposes, as
it allows the early selection of seedlings bearing favorable
alleles at marker loci genetically linked to genomic regions
that control the trait of interest. In Prunus, the discovery of
such molecular markers has been achieved through quantita-
tive trait locus (QTL) mapping on populations derived from
biparental crosses. For example, molecular markers have been
associated with heritable fruit quality (Quilot et al. 2004;
Dirlewanger et al. 2007; Zhang et al. 2009; Eduardo et al.
2010b; Eduardo et al. 2012) and disease resistance traits
(Foulongne et al. 2003; Dirlewanger et al. 2004a; Blenda
et al. 2007; Marandel et al. 2009). The availability of thou-
sands of molecular markers (Jung et al. 2008) has allowed the
construction of multiple genetic maps and the development of
synteny studies (Dirlewanger et al. 2004b; Illa et al. 2009).
Moreover, the peach genome sequence (Arus et al.
2012;Verde et al. 2013) and re-sequencing of many Prunus
cultivars have led to the generation of thousands of single-
nucleotide polymorphism (SNP) markers (Sosinski et al.
2009; Ahmad et al. 2011; Verde et al. 2012), whose efficiency
is being tested and validated in marker-assisted breeding
programs.
Genetic analyses for marker discovery require accurate
phenotypic data for the estimation of genotype-associated
variation of the trait. However, BR phenotyping is often
hindered by environmental and seasonal conditions. For in-
stance, low temperatures (Phillips 1984; Tian and Bertolini
1999), humidity duration (Wilcox 1989; Tamm et al. 1995;
Measham et al. 2009), soil nutrient availability (Daane et al.
1995; May-De-Mio et al. 2008), and orchard hygienic condi-
tions (Hong et al. 1997) are factors that significantly influence
BR development. Despite these difficulties, cultivar-
dependent BR resistance in peach and apricot has been previ-
ously evaluated with diverse approaches (Pascal et al. 1994;
Bassi et al. 1998; Gradziel et al. 1998; Walter et al. 2004;
Wagner Júnior et al. 2008), indicating a quantitative inheri-
tance for this trait and the possibility for its genetic improve-
ment in Prunus. An example is the high BR resistance in the
clingstone cultivar “Bolinha,” associated with a more compact
arrangement of epidermal and subepidermal cells, thicker
cuticle, fewer trichomes, and higher phenolic content at full
ripening (Feliciano et al. 1987; Adaskaveg et al. 1991).
Despite poor fruit quality (high susceptibility to enzymatic
browning, reduced fruit size, and high rate of pre-harvest fruit
drop), Bolinha has been used as donor of BR resistance in
conventional breeding for canning and low-chill peach
(Gradziel et al. 2003; Topp et al. 2008; Wagner Júnior et al.
2008; Wagner Junior et al. 2011). The F1 population from
“Contender”×“Elegant Lady” (C×EL) melting flesh peach
cross provides an attractive system for the genetic dissection
of the trait in cultivars for the fresh market (Bassi et al. 1998;
Bassi and Rizzo 2003). Broad-sense heritability has been
estimated in this population, with a value of 0.55, although
this estimation was biased by the maturity date effect (Pacheco
and Bassi 2010).
Factors affecting BR resistance have been suggested in the
literature. Skin and cuticle micro-cracking susceptibility is a
genetic factor directly associated with BR infection, as it
facilitates fungal invasion of the fruit (Borve et al. 2000;
Measham et al. 2009). In a previous study (Pascal et al.
1994), skin- and flesh-associated resistance were not correlat-
ed in diverse stone fruit species. Biochemical effectors related
to BR resistance have been described in stone fruits, such as
pathogenesis-related proteins PR-5 and PR-10 in European
plum (Prunus domestica; El-kereamy et al. 2009; El-Kereamy
et al. 2011) and the antifungal activities of caffeic acid and
chlorogenic acid on peach (Bostock et al. 1999; Lee and
Bostock 2007; Villarino et al. 2011). Recently, Martinez-
Garcia et al. (2013a) reported a first study to associate specific
regions of Prunus genome with BR resistance phenotype by
QTL analysis, with crosses between peach canning, non-
melting cultivars, and peach×almond interspecific hybrids.
In the study, the authors identified a wide region on chromo-
some 1, strongly associated with BR resistance and containing
several candidate genes associated with pathogen resistance.
However, studies aimed to explore the genomic regions asso-
ciated with BR resistance existing in other genetic resources,
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such as melting fleshed peach cultivars, have not been per-
formed to date.
The aim of this work was to identify molecular markers
associated with BR resistance in melting fleshed peaches, to
gain additional insights into the genetic basis of this complex
trait. To this end, a linkage map based on simple sequence
repeat (SSR) and SNP markers was constructed for the C×EL
F1 population, and QTL analyses were performed with phe-
notypic data from 2 years of artificial inoculation experiments.
The results provide a starting point for future applications of
MAS in peach seedlings with enhanced resistance to
Monilinia spp., from cultivars for fresh fruit market.
Materials and methods
Plant material
Trees of Contender (C) and Elegant Lady (EL) and 110
seedlings of an F1 population derived from their cross (hereon
C×EL) were studied in the years 2009 and 2010. Seedlings
were grafted on the GF305 rootstock and planted in 2005 at
1 m×4 m with two replicate trees per seedling at the experi-
mental orchards of the University of Milan (Azienda
Francesco Dotti, Lodi, Italy). Standard cultural practices were
carried out, except fungicide applications after petal fall, in
order not to add external resistance factors to fruits. Thinning
was done before pit hardening, leaving 40–80 fruits according
to plant vigor, in order to allow fruit size expression not be
limited by competition. Contender (moderately resistant to
BR) and Elegant Lady (very susceptible to BR) ripen by the
end of July and the first week of August, respectively; the F1
offspring segregates for maturity date (MD) (spanning a peri-
od from the first week of July to mid-August), fruit BR
resistance, soluble solid content (SSC), and size (Bassi and
Rizzo 2003).
Inoculum
M. fructigena strain “Arc1” used in this study was obtained
from rotten fruits present in the same orchard of the C×EL
progeny. A single colony was stored on potato dextrose agar
plates at 4 °C. Molecular analysis according to Hughes et al.
(2000) suggested that the isolate corresponded to
M. fructigena (not shown). Mycelial plugs were used to infect
previously disinfected peach fruits, in order to generate abun-
dant spores for artificial inoculations. After 7 days at 25 °C,
spores were washed off from rotten fruits with sterile aqueous
0.05 % Tween 20, and the obtained suspension was filtered in
a double layer of sterile cheesecloth. Inoculum concentration
was measured on a Malassez counting chamber and adjusted
to 5×106 spores/ml with sterile aqueous 0.05 % Tween 20.
Infection procedure, phenotyping, and data analysis
In order to minimize BR resistance variation associated with
fruit developmental stage, harvest date was determined by the
IAD index (Ziosi et al. 2008), not taken invasively in the field
with the ΔAmeter instrument (Synteleia S.R.L., Italy). From
previous experience, the IAD value for physiological maturity
was set to 0.4. IAD was monitored every 2 days by measuring
the IAD value in five fruits per seedling, and 40–60 intact and
healthy fruits per seedling (according to fruit availability)
were harvested when the average value of IAD reached 0.4.
The inoculation procedure was based on published proto-
cols (Pascal et al. 1994; Gradziel et al. 1998; Walter et al.
2004). Fruits of each seedling were then randomly separated
in three boxes, each containing 10 to 20 fruits (Electronic
Supplementary Material 1). Control treatment (hereon C)
was executed by pipetting 10 μl of sterile water over intact
and not disinfected fruit skin; preliminary experiments using
sterile aqueous 0.05 % Tween 20 in the control treatment
showed this to be equivalent to the use of sterile water (data
not shown). In order to reduce natural post-harvest fungal
infection of treatments including artificial inoculum, harvested
fruits were disinfected with 70 % ethanol spray. With the aim
to score separately the resistance of skin and flesh, uninjured
and artificially injured fruit inoculations were carried out,
hereon SK and FL, respectively. SK treatment was performed
by applying 10 μl of spore suspension to the surface of the
center of the sun-exposed fruit cheek, where fruit cracks are
lower than in pedicel and stylar regions (Gibert et al. 2005).
FL treatment was accomplished by creating an artificial
wound in the center of the fruit, 2 mm deep, with a 1-mm-
thick sterile needle and immediately inoculating in the same
way as SK. Each fruit box was sealed with plastic wrap to
maintain high humidity and was incubated at 25 °C. Five days
after inoculation, the diameter of lesions originating from the
inoculation point was measured on each fruit with a manual
calliper (single rot diameter, hereon “srd,” Electronic
Supplementary Material 1). In SK and FL treatments, infec-
tions from other points of the fruit were disregarded. In C, as
no infections were generated from the inoculation point, any
BR infection was considered, in order to take data for natural
orchard infections. Percentage of infected fruits (if) and aver-
age rot diameter (rd) were considered as susceptibility scores
for each seedling under each treatment. Importantly, when
infection reached more than half of a given fruit, we consid-
ered the rd value as two times the fruit diameter minus the
non-rotten diameter.
The measured scores in this work are directly related to
disease impact and thus with susceptibility: when we referred
to the magnitude of the phenotype, we will use the terms
“susceptibility” or “disease impact.” Instead, the term “resis-
tance” refers to a biological phenomenon corresponding to the
trait of real interest for breeding, which can be considered as
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the opposite of susceptibility. Treatment–score combinations
considered in this study constituted five susceptibility traits,
which are summarized in Table 1.
Statistical analyses including frequency histograms to
observe distributions and correlation matrices were per-
formed using R version 2.12.1. Significance of correlations
between traits was checked by calculating Spearman’s rank
correlation coefficient, given its suitability for not normally
distributed data (Foulkes 2009). Susceptibility data were
compared between years, treatments, or seedlings by
paired Wilcoxon signed-rank and Kruskal–Wallis rank sum
tests.
Genotyping
DNA extractions from young leaves of the parents and 110
C×EL seedlings were carried out using the PowerPlant DNA
Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA).
SSR amplifications were performed following the multiplex-
ready PCR protocol (Hayden et al. 2008a; Hayden et al.
2008b) with modifications as in Eduardo et al. (2010a).
Allele size was manually determined using the GeneMarker
demo version 1.70 (SoftGenetics). Using the multiplex-ready
approach with “tagged” SSR primers, the expected size of the
alleles corresponded to approximately 30 base pairs larger
than reported allele sizes. To search segregating markers on
C×EL, 350 Prunus-derived SSRs were screened with the
multiplex-ready protocol in the parents and on six test F1
seedlings. Markers giving good peak quality and expected
size allele segregation in the test seedlings were then geno-
typed in the whole C×EL population. The markers to be
mapped were also selected on the basis of their position on
the available Prunus linkage maps (GDR, http://www.
rosaceae.org, “search markers” and “CMap” tool; Jung et al.
2008). To check the position of genotyped markers, we
searched their genomic position in the peach genome V1.0
(http://www.rosaceae.org/species/Prunus_persica/genome_
v1.0). For markers not present in this database, we estimated
their putative genomic positions by aligning primer sequences
against the peach genome V1.0 scaffolds database, using
batch Blast tool of GDR (http://www.rosaceae.org/bio/
content?title=&url=%2Fcgi-bin%2Fgdr%2Fgdr_blast).
Marker genomic position was considered as the start of the
best match, only if E value <0.005 on both forward and
reverse primers. Genotypic data of 26 SNPs from C×EL F1
seedlings genotyped with the Illumina 9,000 SNP array v1 for
peach (Verde et al. 2012) was also used in this study. SNP data
was available for 80 SSR-genotyped C×EL seedlings. SNPs
were selected on the basis of their putative genomic position,
in order to fill regions not expected to be covered by the SSR
markers (see “Linkage mapping and QTL analysis” section).
This SNP data set was kindly provided by Fruit Breedomics
consortium through Fondazione Edmund Mach (FEM, San
Michele all’Adige, Italy), who performed genotyping reac-
tions as reported by Eduardo et al. (2012).
Linkage mapping and QTL analysis
Genetic linkage analysis and map construction were per-
formed with JoinMap 4.1 (Van Ooijen 2006). In a first map
construction step, we used a data set of 80 F1 individuals
genotyped with 63 co-dominant SSR markers and 26 SNPs (a
total of 89 markers with missing data frequencies lower than
5 %). CP population codes were used for marker grouping.
The integrated C×EL map was generated considering simul-
taneously the maternal and paternal meiosis, by the “Create
Population Node” option, since the number of anchor markers
found (i.e., markers simultaneously segregating for both par-
ents) allowed this approach. Additionally, this method can
deduce the linkage phase and partially estimate recombination
frequency of markers with <hk×hk> segregation type.
Markers showing segregation distortion were not excluded
from the analysis. The pairwise recombination fraction thresh-
old was fixed to 0.4, and recombination frequencies were
transformed in genetic distances (centiMorgans, cM) using
the Kosambi mapping function. Linkage groups were defined
with a minimum logarithm of odds (LOD) value of 5.0 (i.e.,
the probability that the markers were linked is 105 times
higher than the probability they were not), by the indepen-
dence LOD as grouping test statistic. Linkage groups were
constructed using the multipoint maximum likelihood map-
ping algorithm, using the pre-set default settings as included in
the JoinMap 4.1 software (Van Ooijen 2011). Prunus genome
scaffolds and C×EL linkage maps were drawn using the
Table 1 BR resistance traits analyzed in this study
Score Treatment
C (control) SK (skin barriers to infection) FL (flesh barriers to infection)
if (infected fruits frequency, %) C-if Fruit resistance
to field inoculum
SK-if Skin resistance to BR
infection after active penetration
FL-if Flesh resistance to passive BR
infection, i.e. through pre-existing
skin wounds
rd (average rot diameter, cm) Not measured SK-rd Flesh resistance to BR expansion
following an active penetration
FL-rd Flesh resistance to BR expansion,
following passive penetration
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MapChart 2.1 software (Voorrips 2002), using marker genomic
positions in million base pairs (Mbp) and cM, respectively.
QTL analyses were carried out using the software
MAPQTL 6.0 (Van Ooijen 2009). Phenotypic data for MD
and the BR resistance traits indicated in Table 1 were collected
in 2009 and 2010. In a first analysis, the non-parametric
Kruskal–Wallis (KW) rank sum test was used to search phe-
notype–marker associations without assuming a normal dis-
tribution of phenotypic data. In order to obtain an overall
significance level of about p=0.05, a stringent significance
level of p=0.005 was adopted as threshold for the detection of
a QTL for the individual test (Van Ooijen 2009). In addition,
associations between a trait and a group of linked markers
were regarded as robust, even for individual markers with
p<0.05. In order to obtain an estimation of the QTL genomic
interval and its contribution to the phenotypic variance, the
“interval mapping” (IM) approach was used. After a permu-
tation test for each trait (PT, 10,000 iterations), genome-wide
LOD scores corresponding to p=0.05 were considered as
threshold significance levels for the detected QTLs. Given
that MD has been reported to be pleiotropic to other quality
traits (Eduardo et al. 2010b) and that BR resistance resulted
significantly correlated with this trait (see Table 2), the QTL
analysis for BR resistance traits was also performed using
corresponding season MD data set as covariate (Van Ooijen
2009). For each phenotypic data set (i.e., trait in one season),
markers more closely linked to IM-estimated QTL were cho-
sen as candidate co-factors, which were tested with the “au-
tomatic cofactor selection” (ACS) tool of MAPQTL 6.0.
ACS-confirmed cofactors were used in restricted multiple
QTL mapping (rMQM) analysis, in order to absorb residual
variance, thus increasing the power for mapping new
segregating QTLs. When new segregating QTLs were made
evident, new rounds of ACS and rMQMwere performed until
stabilizing QTL set. MQM was applied in order to resolve the
occurrence of multiple QTLs in the same LG. LOD plots of
LGs containing QTLs were drawn with the MapChart 2.1
software (Voorrips, 2002). In this work, we consider a QTL
as “stable” for a determined trait if it presents a significant
effect and is located in similar positions between the two
seasons of analysis (2009 and 2010). Also, when a QTL
associated with an ACS-validated cofactor marker resulted
in a LOD value minor than the PT-determined threshold in
1 year, this QTL was considered as stable if (a) a significant
QTL was determined in the same position for the correspond-
ing phenotypic data set from the other year and (a) the differ-
ence with LOD threshold was less than 0.5.
Results
Phenotypic data
In this study, a total of 6 traits were analyzed in the C×EL F1
progeny (5 traits shown in Table 1, plus MD) through 2
different seasons, giving place to 12 phenotype data sets.
The frequency distributions of these data sets are illustrated
in Fig. 1.
All susceptibility traits showed non-normal distributions.
Most of the progeny exhibited low infection from field inoc-
ulum (C-if trait): infection frequencies lower 10 % were
obtained in 36 and 60 seedlings of the progeny in 2009 and
2010, respectively. Regarding SK-rd, distributions were
Table 2 Squared Spearman’s
rank correlation coefficients in
C×EL phenotypes. A: correla-
tions between years; B: correla-
tions between traits in each year
NS non-significant
* p < 0 . 0 5 ; * * p < 0 . 0 0 5 ;
***p<0.0005
A Trait Correlation 2009–2010
MD 0.92***
C-if NS
SK-rd 0.29*
SK-if NS
FL-rd 0.39**
FL-if NS
B MD C-if SK-rd SK-if FL-rd
C-if 2009 0.34** 1
2010 NS 1
SK-rd 2009 0.46*** 0.34** 1
2010 0.32** NS 1
SK-if 2009 0.26* NS 0.74*** 1
2010 0.37** NS 0.27* 1
FL-rd 2009 0.72*** 0.28* 0.55*** 0.30* 1
2010 0.45*** NS 0.47*** 0.52*** 1
FL-if 2009 0.28* NS 0.23* NS 0.36**
2010 0.63*** NS 0.26* 0.31* 0.60***
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similar among years, showing average infection diameter
ranges between 0 and 100 mm and with a major quantity of
seedlings with minimum average rot diameters (values minor
than 10 mm in around 20 and 50 seedlings in 2009 and 2010,
respectively). Around 30 seedlings showed the highest SK-if
values in 2009 (more than 90 % of infected fruits), while 30
seedlings showed the lowest rate in 2010 (10 % or less); this
difference suggests a strong seasonal effect on this trait. FL-rd
showed similar distributions in both years; however, a
major number of seedlings with rot diameter values
higher than 90 % were registered in 2010. FL-if showed
a large number of seedlings with more than 90 % of
infected fruits in both years. Contender was almost
always more resistant than Elegant Lady. Depending
on the trait and score, the parents fell in different
infection class in respect to the progeny distributions
(Fig. 1). Clear transgressive segregation (i.e., seedlings were
observed to have a minor disease impact than Contender
parent) was observed for all the analyzed traits (except C-if)
on both years of analysis. Thirty-nine transgressive seedlings
were observed for SK-rd, 10 for SK-if, 15 for FL-rd, 3 for FL-
if, and 23 for MD on the 2 years of phenotypic study
(Electronic Supplementary Material 4).
MD showed non-normal distributions in both years.
Transgressive segregation for this trait was also observed,
since MDs of the parents are close and progeny showed a
range of 40–45 days, depending on the year. For some seed-
lings and for Elegant Lady parent, a delay inMD of 5–10 days
was observed from 2009 to 2010, e.g., 10 days delay on
Elegant Lady ripening.
Significant differences between all traits were confirmed
after performing paired Wilcoxon signed-rank tests
(p<0.0005) confirming a significant effect of the treatment.
A lower but significant effect of the year was also detected
among all the infection scores (p<0.05). Kruskal–Wallis rank
sum test revealed significant differences between seedlings on
both seasons (p<0.01).
Comparisons of the same traits between seasons resulted in
significant correlations for MD, SK-rd, and FL-rd (Table 2a).
MD exhibited the highest correlation between years (R2=
0.92; p<0.0005). C-if, SK-if, and FL-if scores gave insignif-
icant correlations between years, indicating a strong seasonal
influence in the infection probability at the skin and flesh
levels. SK-rd and FL-rd showed R2 values of 0.29 and 0.39,
respectively (p<0.05), suggesting that they could be con-
trolled by a low but significant genetic component.
Fig. 1 Distribution frequency of C×EL F1 progeny for maturity date and
BR artificial infection traits in 2 years. Traits and years of analysis are
indicated at the top of each histogram. Meanings of trait symbols are
indicated in Table 1. Frequency is expressed in the y-axis as the number of
individuals falling on each phenotypic interval (x-axis)
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Regarding relations between traits (Table 2b), MD signif-
icantly correlated with all susceptibility traits (except with C-if
in 2010), showing correlations ranging from 0.26 (for SK-if in
2009with p<0.05) to 0.72 (for FL-rd in 2009with p<0.0005).
MDwas more correlated (R2 and significance values) with FL
than SK susceptibilities (rd and if), possibly indicating that
fruit ripening affects barriers to post-penetration rot spread
more than to penetration. C-if correlated only in 2009 with
SK-rd and FL-rd (R2=0.34 and 0.28, respectively). Significant
correlations were observed between two scores when com-
pared for the same treatment (SK-if vs. SR-rd and FL-if vs.
FL-rd); however, R2 and significance values strongly differed
between years. Correlations of 0.55 and 0.47 were observed
between SK-rd and FL-rd, in 2009 and 2010, respectively;
SK-if and FL-if correlated significantly only in 2010.
Marker transferability and diversity
In order to construct a linkage map for QTL analysis of BR
resistance, 350 SSR markers from various Prunus species
were selected and tested, identifying 324 that yielded distin-
guishable peaks in at least one parent (Table 3). The percent-
age of homozygous and monomorphic markers was 51.7 and
47.7 %, respectively, while 40.8 % of the tested markers
resulted heterozygous in at least one parent. Peach SSRs
produced higher amplification rate (96.3 vs. 86.3 %), quantity
of anchor markers (16.9 vs. 8.3 %), and quantity of heterozy-
gous markers (42.2 vs. 38.6 %), when compared to other
Prunus-derived SSRs. Genomic DNA-derived SSRs showed
a slightly lower level of amplification (91.9 vs. 94.1 %) com-
pared to EST-SSRs; however, a higher level of heterozigosity
(44.7 vs. 31.3 %) and proportion of anchor markers (14.9 vs.
10.7 %) was observed for genomic SSRs.
Ninety-eight and 93 SSR markers were heterozygous in
Contender and Elegant Lady, respectively. Eighty-eight SSRs
were genotyped in the C×EL population, but only 63 SSRs
fulfilling the technical requirements (see “Materials and
methods” section) were used for C×EL map construction.
Among these, 21 are heterozygous only in Contender, 20 only
in Elegant Lady, and 22 on both parents (anchor markers).
In addition, a small set of 26 SNPs genotyped and segre-
gating in the C×EL population were included in the final data
set for map construction. Thirteen of these markers are het-
erozygous only in Contender, 7 only in Elegant Lady, and 6 on
both parents.
Linkage analysis
Based on the marker position on the peach genome V1.0, the
anchor markers in the population parents were attributed to the
eight largest Prunus scaffolds, which currently represent
98.93 % of the genomic sequence (Arus et al. 2012). This
allowed the construction of a consensus linkage map for the
C×EL F1 (hereon C×EL map; Fig. 2).
Marker positions in the C×EL linkage map were aligned to
the peach genome V1.0 scaffolds, in order to estimate the
coverage of C×EL on peach genome. Out of the 383 SSR
markers present in this database and used for genome assem-
bly and orientation (Arus et al. 2012), 38 corresponded to SSR
included in the C×EL map. The putative position of the
remaining markers was est imated in si l ico (see
“Genotyping” section).
The C×EL map covers a total genetic distance of
572.92 cM, corresponding to a physical distance of
171.85 Mbp when aligned to peach genome (78.73 %). The
C×EL map consisted in eight linkage groups that covered the
eight scaffolds of the peach genome, spanning genetic dis-
tances from 54.84 cM (C×EL-8) to 86.55 cM (C×EL-3). The
linkage groups that most extensively covered a single scaffold
were C×EL-4 and C×EL-7, with 92.16 and 92.99 % of their
sequence, respectively. Group C×EL-5 showed the lowest
coverage in respect to its corresponding scaffold, with
47.18 %. Single parental maps covered 44.8 and 57.8 % of
the C and EL genomes, respectively. Both parental maps
covered regions of the eight scaffolds of peach genome and
spanned total genetic distances of 439.46 cM in C and
548.21 cM in EL.
The average density of the map was of 6.9 cM/marker. Five
events of marker co-segregation were found: one in C×EL-1,
where CPPCT034 and UDA-025 co-segregated at 69.20 cM;
two in C×EL-4, where ASSR17, ssrPaCITA06, and
ssrPaCITA11 co-segregated at 8.21 cM and UDP97-402 and
UDAp-439 co-segregated at 49.4 cM; and finally, two in
group C×EL-6, where MA040a and UDP98-412 co-
localized at 44.72 cM and CPPCT030 and EPPISF002 co-
mapped at 57.48 cM. Two gaps larger than 15 cM were found
on the C ×EL map: on C ×EL-1 (16.63 cM from
SNP_IGA_10702 to SNP_IGA_19393) and on C×EL-6
(17.62 cM from SNP_IGA_640928 to BPPCT025). No gaps
larger than 18 cM were found on C×EL integrated map.
Marker order was conserved between the C×EL map and
peach genome V1.0, except for the upper region of C×EL-6,
in which the genet ic map posi t ions of markers
SNP_IGA_615381 and SNP_IGA_604703 (0 and 5.3 cM,
respectively) are inverted in respect to their genomic position
(3,627,560 and 45,035 bp, respectively). In addition,
SNP_IGA_460591, putatively positioned on Scaffold_4,
was mapped on C×EL-2.
A strong segregation distortion was found on the upper
extreme of C×EL-4, between markers CPSCT039 and
SNP_IGA_389048 with the distortion peak on marker
CPPCT028 (χ2=37.05 with 3 degrees of freedom (df),
p<10−4). Other regions showing lower levels of segregation
distortion were located between markers EPPCU9268 and
AMPA103 on group C×EL-4 (χ2=7.20 with 1 df, p<0.01),
Tree Genetics & Genomes (2014) 10:1223–1242 1229
T
ab
le
3
SS
R
fe
at
ur
es
in
th
e
pa
re
nt
s
of
th
e
C
×
E
L
po
pu
la
tio
n
SS
R
de
si
gn
at
io
n
Sp
ec
ie
s
Se
qu
en
ce
or
ig
in
Te
st
ed
m
ar
ke
rs
A
m
pl
if
ie
d
H
om
oz
.
M
on
o.
H
et
er
oz
.C
H
et
er
oz
.E
L
H
et
er
oz
.
C
or
E
L
a
H
et
er
oz
.C
an
d
E
L
b
To
ta
lH
et
.
SS
R
sc
M
ap
pe
d
in
C
×
E
L
R
ef
er
en
ce
s
A
M
PA
P.
ar
m
en
ia
ca
E
ST
4
4
2
2
1
2
1
1
2
1
H
ag
en
et
al
.(
20
04
)
A
M
PA
P.
ar
m
en
ia
ca
G
en
om
ic
6
5
3
3
2
0
2
0
2
0
H
ag
en
et
al
.(
20
04
)
A
SS
R
P.
co
m
m
un
is
E
ST
8
8
6
6
0
2
2
0
2
1
X
u
et
al
.(
20
04
)
B
PP
C
T
P.
pe
rs
ic
a
G
en
om
ic
41
40
19
17
16
11
15
6
21
10
D
ir
le
w
an
ge
r
et
al
.(
20
02
)
C
PD
C
T
P.
am
ig
da
lu
s
G
en
om
ic
24
23
8
7
7
11
12
3
15
5
M
ne
jja
et
al
.(
20
05
)
C
PP
C
T
P.
pe
rs
ic
a
G
en
om
ic
28
27
16
15
7
9
6
5
11
8
A
ra
nz
an
a
et
al
.(
20
02
)
C
PS
C
T
P.
sa
lic
in
a
G
en
om
ic
22
21
14
14
4
6
4
3
7
5
M
ne
jja
et
al
.(
20
04
)
E
M
PA
P.
av
iu
m
G
en
om
ic
10
7
5
5
1
1
2
0
2
0
C
la
rk
e
an
d
To
bu
tt
(2
00
3)
;
C
la
rk
e
et
al
.(
20
08
)
E
M
Pa
S
P.
av
iu
m
G
en
om
ic
9
8
4
4
3
1
4
0
4
0
V
au
gh
an
an
d
R
us
se
ll
(2
00
4)
E
PP
C
U
P.
pe
rs
ic
a
E
ST
33
31
24
23
3
7
4
3
7
3
H
ow
ad
et
al
.(
20
05
)
E
PP
IS
F
P.
pe
rs
ic
a
E
ST
26
23
16
16
5
5
4
3
7
4
V
en
dr
am
in
et
al
.(
20
06
)
L
D
O
X
P.
pe
rs
ic
a
E
ST
1
1
0
0
1
0
1
0
1
0
O
gu
nd
iw
in
et
al
.(
20
08
)
M
P.
pe
rs
ic
a
E
ST
8
8
5
4
3
1
2
1
3
2
Y
am
am
ot
o
et
al
.(
20
02
)
M
A
P.
pe
rs
ic
a
G
en
om
ic
31
31
11
10
18
12
10
10
20
8
Y
am
am
ot
o
et
al
.(
20
02
)
Pc
eG
A
P.
pe
rs
ic
a
G
en
om
ic
2
2
2
2
0
0
0
0
0
0
D
ow
ne
y
an
d
Ie
zz
on
i(
20
00
)
pc
hc
m
s
P.
pe
rs
ic
a
E
ST
3
3
2
2
1
1
0
1
1
0
So
si
ns
ki
et
al
.(
20
00
);
C
an
tin
ie
ta
l.
(2
00
1)
pc
hg
m
s
P.
pe
rs
ic
a
E
ST
16
16
8
5
8
2
6
2
8
2
So
si
ns
ki
et
al
.(
20
00
);
G
eo
rg
ie
ta
l.
(2
00
2)
;
W
an
g
et
al
.(
20
02
);
V
er
de
et
al
.(
20
05
)
PM
S
P.
av
iu
m
G
en
om
ic
2
2
2
2
0
0
0
0
0
0
C
an
tin
ie
ta
l.
(2
00
1)
Pr
p
P.
pe
rs
ic
a
E
ST
3
2
1
1
0
1
1
0
1
0
X
u
et
al
.(
20
04
)
PS
P.
av
iu
m
G
en
om
ic
3
1
0
0
0
1
1
0
1
0
So
si
ns
ki
et
al
.(
20
00
);
C
an
tin
ie
ta
l.
(2
00
1)
ss
rP
aC
IT
A
P.
ar
m
en
ia
ca
G
en
om
ic
22
19
10
9
3
9
6
3
9
5
L
op
es
et
al
.(
20
02
)
U
D
A
P.
am
yg
da
lu
s
G
en
om
ic
5
5
3
3
2
0
2
0
2
1
Te
st
ol
in
et
al
.(
20
00
)
U
D
A
p
P.
am
yg
da
lu
s
G
en
om
ic
17
11
6
6
4
2
4
1
5
2
M
es
si
na
et
al
.(
20
04
)
U
D
P
P.
pe
rs
ic
a
G
en
om
ic
26
26
14
11
9
9
6
6
12
6
C
ip
ri
an
ie
ta
l.
(1
99
9)
;
Te
st
ol
in
et
al
.(
20
00
)
To
ta
lo
f
P.
pe
rs
ic
a
SS
R
s
21
8
(1
00
)
21
0
(9
6.
3)
11
8
(5
4.
1)
10
6
(4
8.
6)
71
(3
2.
5)
58
(2
6.
6)
55
(2
5.
2)
37
(1
6.
9)
92
(4
2.
2)
43
(1
9.
7)
To
ta
lo
f
SS
R
s
fr
om
ot
he
r
sp
ec
ie
s
13
2
(1
00
)
11
4
(8
6.
3)
63
(4
7.
7)
61
(4
6.
2)
27
(2
0.
4)
35
(2
6.
5)
40
(3
0.
3)
11
(8
.3
)
51
(3
8.
6)
20
(1
5.
1)
To
ta
lo
f
G
en
om
ic
SS
R
s
24
8
(1
00
)
22
8
(9
1.
9)
11
7
(4
7.
1)
10
8
(4
3.
5)
76
(3
0.
6)
72
(2
9.
0)
74
(2
9.
8)
37
(1
4.
9)
11
1
(4
4.
7)
50
(2
0.
1)
1230 Tree Genetics & Genomes (2014) 10:1223–1242
betweenMA069a and BPPCT001 on C×EL-2 (χ2=6.41 with
3 d f , p < 0 . 0 5 ) , a n d b e twe e n CPPCT033 an d
SNP_IGA_777469 on C×EL-7 (χ2=4.19 with 1 df,
p<0.05). All these markers were included in the analysis since
JoinMap 4.1 performs grouping based on the independence
LOD score, which is not affected by segregation distortion
(Van Ooijen 2006).
QTL analysis
Using MD as covariate in rMQM and MQM analyses, signif-
icant marker–phenotype associations with p<0.05 were found
for most of the traits over the 2 years of phenotypic analysis
(Table 4). C-if in both years and FL-if in 2010were exceptions
of this, showing no significant QTLs.
Together, we identified a total of 31 statistically significant
indications for the presence of QTLs which are located on the
eighth LGs of C×EL map (Table 4). Of these indications, 10
were associated to five traits, located in similar positions in the
2 years of observations, and thus considered as stable QTLs in
this study. LGs and LOD plots corresponding to these QTLs
are shown in Fig. 3.
Two stable QTLs were found for MD. A major QTL,
explaining 53.6 and 53.0 % of phenotypic variance in 2009
and 2010, respectively, was found near marker UDP97-402 on
group C×EL-4 (MD_2009.4 and MD_2010.4). QTLs were
also observed on both years near marker SNP_IGA_604703,
on the top of C×EL-6, explaining between 7.9 and 12.5 % of
phenotypic variance of MD trait (MD_2009.6 and
MD_2010.6, respectively).
SK-rd QTLs were detected for 2009 in LGs C×EL-6 (near
marker BPPCT025), C×EL-7 (near UDAp-407, EPPCU5176,
and MA061a), and C×EL-8 (near SNP_IGA_874263),
explaining between 7.6 and 16.5 % of the phenotypic variation.
In 2010, only one QTL was found for SK-rd, linked to marker
SNP_IGA_604703 on LG C×EL-6 (R2=20.9 %) and not
overlapping with any QTL of 2009 (Table 4).
QTLs associated with SK-if trait were found in C×EL-2, C×
EL-4, and C×EL-6 (Table 4 and Fig. 3). We found a stable QTL
for this trait in C×EL-2, between markers M1a and UDP96-013
in 2009 (SK-if_2009.2;R2=31.5%), and nearM1a in 2010 (SK-
if_2010.2; R2=13.1 %). In C×EL-4, QTLs associated with
marker EPPISF032 were observed in both years, SK-if_2009.4
and SK-if_2010.4b, which explained 14.5 and 11.0 % of the
phenotypic variance, respectively; in addition, a QTL-linked
marker M12a was found only in 2010 (SK-if_2010.4a; R2=
16.8 %). In group C×EL-6, a QTL was detected near marker
MA040a in 2010 (SK-if_2010.6; R2=13.2 %).
Regarding disease impact on FL treatments, significant
QTLs were found in all LGs of C×EL map, except in C×
EL-8. For FL-rd treatment, we foundminor QTLs for both years
in overlapping positions of group C×EL-3, although associated
with different co-factor markers (Fig. 3): FL-rd_2009.3 locatedTa
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near SNP_IGA_320761 (R2=3.0 %) and FL-rd_2010.3b asso-
ciated with co-factor marker SNP_IGA_321601 (R2=11.0 %).
In 2009, other minorQTLs for FL-rdwere found to locate in C×
EL-1 (FL-rd_2009.1 near SNP_IGA_119215, with R2=2.6 %),
C×EL-4 (FL-rd_2009.4a near CPPCT028, with R2=2.1 %, and
FL-rd_2009.4b near SNP_IGA_401886, with R2=3.0 %), C×
EL-5 (FL-rd_2009.5a near SNP_IGA_586225, with R2=2.8 %,
and FL-rd_2009.5b near SNP_IGA_598476, with R2=3.5%),
Fig. 2 Alignment of the C×EL linkagemap and peach genome sequence
(V1.0). Peach genome scaffolds and C×EL linkage groups are shown on
the left and right of each pair, respectively. Chromosomic positions and
genetic distances are represented inMbp (×1.6 scale) and centiMorgan on
the same fixed ruler at the left of the figure. Markers included in the C×
EL map that were aligned to genome sequence are shown in bold italics.
The alignments are represented by solid lines. Heterozygous markers in
Contender or Elegant Lady parent are represented with black or white
squares, respectively, at the corresponding position on each linkage
group. Microsatellites that resulted homozygous in Contender and Ele-
gant Lady are indicated in the genome sequence with the (hm) symbol.
Regions of the genome covered by the C×EL map are indicated in gray.
Marker skewness significance is represented at the right of each LG
(*******p<10−5; ****p<5×10−3; ***p<10−2; **p<5×10−2;
*p<10−1). SNP marker names were modified by abbreviating prefixes
“SNP_IGA_” and “snp_3_” to “S” and “s3,” respectively
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C×EL-6 (FL-rd_2009.6 near SNP_IGA_615381, with R2=
2.6 %), and C×EL-7 (FL-rd_2009.7 near CPSCT004, with
R2=13.0 %). For season 2010, a QTL was found associated with
marker EPPCU9268 (FL-rd_2010.4, with R2=23.8 %).
Significant QTLs associated with FL-if trait were found only
in 2009 (Table 4), locating in LGs C×EL-1 (FL-if_2009.1 near
SNP_IGA_37651, with R2=33.1 %), C×EL-2 (FL-if_2009.2
near BPPCT004, with R2=5.1%), C×EL-4 (FL-if_2009.4 near
Table 4 Summary of the QTL detected for each analyzed trait by MQM
Trait Year Permutation test Multiple QTL model
Genome-wide threshold
for p<0.05
QTL symbolb LOD peak/R2 (%) LG LOD peak
position (cM)
Cofactor marker
(genomic position)a
SK-rd 2009 3.4 SK-rd_2009.6 8.93/14.4 6 31.52 BPPCT025 (Sc6:21,129,947)
SK-rd_2009.7a 7.36/11.1 7 38.38 UDAp-407 (Sc7:14,902,938)
SK-rd_2009.7b 9.36/15.4 7 60.57 EPPCU5176 (Sc7:18,772,878)
SK-rd_2009.7c 5.51/7.6 7 73.80 MA061a (Sc7:21,786,269)
SK-rd_2009.8 9.84/16.5 8 51.81 SNP_IGA_874263 (Sc8:16,857,474)
2010 3.0 SK-rd_2010.6 5.89/20.9 6 5.27 SNP_IGA_604703 (Sc6:45,035)
SK-if 2009 3.3 SK-if_2009.2 7.82/31.5 2 55.50 M1a (Sc2:18,412,523)
SK-if_2009.4 4.13/14.5 4 57.72 EPPISF032 (Sc4:12,769,735)
SK-if_2009.6 2.47/8.1 ns 6 5.27 SNP_IGA_604703 (Sc6:45,035)
2010 3.1 SK-if_2010.4a 4.52/16.8 4 37.61 M12a (Sc4:9,208,608)
SK-if_2010.2 3.61/13.1 2 51.50 M1a (Sc2:18,412,523)
SK-if_2010.6 3.63/13.2 6 44.52 MA040a (Sc6:24,857,835)
SK-if_2010.4b 2.81/11.0c 4 57.72 EPPISF032 (Sc4:12,769,735)
FL-rd 2009 3.6 FL-rd_2009.1 3.87/2.6 1 77.00 SNP_IGA_119215 (Sc1:39,573,544)
FL-rd_2009.3 4.41/3.0 3 34.94 SNP_IGA_320761 (Sc3:8,422,198)
FL-rd_2009.4a 4.64/2.1 4 4.00 CPPCT028 (Sc4:2,086,534)
FL-rd_2009.4b 4.28/3.0 4 30.63 SNP_IGA_401886 (Sc4:8,222,657)
FL-rd_2009.5a 4.18/2.8 5 4.00 SNP_IGA_586225 (Sc5:9,512,272)
FL-rd_2009.5b 4.9/3.5 5 36.00 SNP_IGA_598476 (Sc5:14,039,712)
FL-rd_2009.6 3.85/2.6 6 0.00 SNP_IGA_615381 (Sc6:3,627560)
FL-rd_2009.7 12.68/13.0 7 5.00 CPSCT004 (Sc7:6,681,998)
2010 3.4 FL-rd_2010.3 3.65/11.0 3 44.39 SNP_IGA_321601 (Sc6:8,942,393)
FL-rd_2010.4 3.67/23.8 4 57.72 EPPCU9268 (Sc4:10,830,104)
FL-if 2009 3.8 FL-if_2009.1 11.70/33.1 1 45.47 SNP_IGA_37651 (Sc1:12,591,668)
FL-if_2009.2 3.88/5.1 2 26.55 BPPCT004 (Sc4: 14,575,730)
FL-if_2009.4 6.39/13.0 4 31.61 SNP_IGA_401886 (Sc4: 8,222,657)
FL-if_2009.5 6.54/9.7 5 23.24 BPPCT037 (Sc5:12,312,049)
2010 nd nd nd nd nd nd
MD 2009 3.8 MD_2009.4 15.32/53.6 4 45.82 UDP97-402 (Sc4:10,486,180)
MD_2009.6 3.54/7.9c 6 4.00 SNP_IGA_604703 (Sc6:45,035)
2010 3.8 MD_2010.4 23.5/56.0 4 47.82 UDP97-402 (Sc4:10,486,180)
MD_2010.6 11.6/19.5 6 4.00 SNP_IGA_604703 (Sc6:45,035)
QTLs detected in both seasons in overlapping regions (stable QTLs) are italicized and in bold
ns not significant association, nd no significant QTL detected for the trait
a Genomic position were reported as scaffold (Sc) number: position in bp
b Trait codes are the same used in the text or in the other tables. QTL symbols are composed of trait codes followed by the corresponding year, the linkage
group number in which the QTL has been mapped, and a consecutive letter if more than one significant QTL is detected for the same trait on the same
year, in the same LG (e.g., FL-rd_2009.4a and FL-rd_2009.4b)
c QTL peak with a LOD value slightly lower than genome-wide threshold (maximum difference=0.5 LOD), considered as a significant QTL because of
localizing in an overlapping position in respect to a significant QTL (with LOD higher than threshold) from the other season
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SNP_IGA_401886, with R2=13.0 %), and C×EL-5 (FL-
if_2009.5 near BPPCT037, with R2=9.7 %).
In order to understand which parent carries favorable
alleles for main detected QTLs, genotypic values for SK-if,
FL-rd, and MD traits and their associated markers are shown
in Table 5.
Regarding SK-if QTLs of the group C×EL-2 (SK-if_2009.2
and SK-if_2010.2), associated markers M1a and UDP96-013 are
heterozygous only in Contender parent (lm or 115|111) and ho-
mozygous in Elegant Lady (ll or 115|115), thus segregating just in
Contender. Interestingly, F1 seedlings carrying lm genotype (C2/
E1 and C2/E2 seedlings on Table 5) show higher SK-if scores in
both years compared to the ll individuals (C1/E1 and C1/E2). This
indicates that in both QTLs SK-if_2009.2 and SK-if_2010.2, the
allele C1 (115-bp band) has a positive effect and C2 (111-bp band)
has a negative effect for BR resistance. On the other hand, QTLs
for SK-if on group C×EL-4 (SK-if_2009.4 and SK-if_2010.4b)
are associated with marker EPPISF032, heterozygous on both
parents with segregation type <hk×hk> (see SSR alleles on
Table 5). From MQM results in the 2 years, C1/E1 and C2/E2
seedlings (hk genotypeor 233|237-bp bands in EPPISF032)
showed the highest SK-if values, and C1/E2 and C2/E1 seedlings
present the lowest SK-if scores (kk and hh genotypes, or 237|237-
and 233|233-bp bands in EPPISF032). C2/E1 scores are higher
than C1/E2 in 2009 but similar in 2010. This could be indicating
that (a) heterozygosity on this marker has a negative effect on
resistance, compared to homozygosity and (b) that C1 allele
presents a more positive effect than C2 on BR resistance, more
noticeable in 2009 season.
In the case of QTLs FL-rd_2009.3 and FL-rd_2010.3.b, anal-
ysis of allele effects is less straightforward because, although their
significance interval is overlapping in C×EL-3 (Fig. 3), ACS-
selected co-factor markers are not the same and present different
segregation types: SNP_IGA_320761 associated to FL-rd_2009.3
is heterozygous in Contender parent only (<lm×ll> segregation
type), and SNP_IGA_321601 associated to FL-rd_2010.3b is
heterozygous in Elegant Lady only (<nn×np> segregation type).
However, as can be noticed fromTable 5, C1/E1 seedlings on both
FL-rd_2009.3 and FL-rd_2010.3b (having simultaneously AG
genotype in SNP_IGA_320761 and AC in SNP_IGA_321601)
show the highest levels of FL-rd resistance for the corresponding
year; in contrast, C2/E1 (having simultaneously AG genotype in
SNP_IGA_320761 and CC in SNP_IGA_321601) seedlings
present the lowest levels of BR resistance in both years. This data
leads to the hypothesis that allele C2 has a negative effect on BR
resistance, in respect to C1.
Regarding MD QTLs, it is shown in Table 5 that major
contribution to trait variation is given by segregation of alleles
Fig. 3 Location of stable QTLs controlling BR resistance by MQM.
Only LGs showing QTLs corresponding to the two seasons under study
and in overlapping positions are depicted. Marker names are listed at the
right side of each LG and the genetic distances (in centimorgans (cM)) are
listed at the left of each one. Parental marker data for the QTL-associated
regions is shown at the right of each linkage group, being C1 and C2 the
alleles (SSR bands size in base pairs, or SNP variant) of ‘Contender’, and
E1 and E2 the alleles of ‘Elegant Lady’. QTLs are drawn at the right of
parental marker data of each LG, in the form of LOD plots of MD (left
plots, black lines), SK-if (center plots, red lines) and FL-rd (right plots,
green lines), in which horizontal axes indicate LOD value for associations
of each trait, and vertical axes indicate the genetic positions of the
associations on each LG. Vertical dotted lines represent the average value
between the genome-wide LOD thresholds corresponding for the two
season data sets of each trait. LOD values for 2009 and 2010 data sets are
represented with solid and fragmented lines, respectively. Squares inside
the lines (solid for 2009 and open for 2010 dataset) indicate marker
positions
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from Contender. For example, in both MD_2009.4 and
MD_2010.4 (linked to marker UDP97-402, with <ef×eg> segre-
gation type), a 2-week earliness variation can be observed when
comparing seedlings carrying C1 allele in respect to those carrying
C2 allele (corresponding to 166 and 167-bp bands in UDP97-402,
respectively). Also for QTLs MD_2009.6 and MD_2010.6, a
similar trend given by alleles from Contender parent but with a
lower phenotypic variation can be noticed.
Discussion
SSR marker genotyping and linkage map
High levels of SSR transferability have been found in rosaceous
species (Gasic et al. 2009; Mnejja et al. 2010). In good agreement
with previous reports (Eduardo et al. 2010b; Forcada et al. 2012),
we successfully amplified 96.3 % of the tested peach SSRs and
86.3 % other Prunus-derived SSRs. The multiplex-ready strategy
used for SSR genotyping allowed screening and mapping of a
high number of markers (92.5 % of the 350 screened markers,
Table 3) with cost- and time-saving efficiency, as previously
described in many crop species, including peach, apricot, and
cherry (Hayden et al. 2008a; Hayden et al. 2008b; Eduardo
et al. 2010b). Observed polymorphism on peach-derived SSRs
was higher than for other Prunus-derived SSRs and higher for
genomic SSRs than for cDNA SSRs (Table 3), as previously
reported in peach (Dirlewanger et al. 2007; Eduardo et al.
2010b) and other Rosaceae (Gasic et al. 2009; Mnejja et al.
2010). Parents exhibited similar proportion of heterozygous
markers (28 % for Contender and 26.5 % for Elegant Lady,
Table 3) but lower than the 35 % of heterozygosity found previ-
ously on a panel of 212 commercial peach cultivars analyzedwith
50 SSR markers (Aranzana et al. 2010).
From the 89 markers selected to genotype the C×EL
progeny, 28 corresponded to anchor markers (heterozygous
in both parents). With this data set and using the population
node option and multipoint maximum likelihood mapping
strategy included in JoinMap 4.1 (Van Ooijen 2011), a unified
map for the C×EL F1 progeny was successfully constructed
(Fig. 2). This strategywas chosen also because it allowed us to
use markers with <hk×hk> segregation type, representing a
high proportion of the anchor markers of the genotype dataset
(16 of the 28 anchors). A similar approach has been used in
the map construction and genetic analysis of a full-syb F1
mapping population of Miscanthus sinensis (Swaminathan
et al. 2012).
Using marker position on the peach genomeV1.0, this map
was estimated to cover 78.3 % of the genomic sequence. The
total genetic distance covered by the C×EL map (572.2 cM)
was higher than the distance of the Prunus reference map (T×
E, 519 cM; Dirlewanger et al. 2004a), possibly because of the
high number of used <hk×hk> anchor markers, which are
informative just for the homozygous individuals, not for the
heterozygous. This loss of information can result in distortions
on the genetic distance estimations. Moreover, the recombi-
nation events of both C and EL parents were integrated in a
Table 5 Summary of genotypic values obtained for markers associated with stable QTLs found in this study
QTL Locus Marker alleles
(C1|C2×E1|E2)
a
Trait meanb Genotypic values on F1 seedlingsc p valued
C1/E1 C1/E2 C2/E1 C2/E2
SK-if_2009.2 M1a 115|111 115|115 78.0 63.6 63.2 87.41 85.41 <0.01
SK-if_2009.4 EPPISF032 237|233 233|237 31.0 6.8 9.4 31.3 <0.005
SK-if_2010.2 M1a 115|111 115|115 25.5 21.0 21.4 34.4 33.6 <0.05
SK-if_2010.4b EPPISF032 237|233 233|237 41.5 22.0 22.2 39.9 <0.001
FL-rd_2009.3 SNP_IGA_320761 A|A G|A 46.5 44.0 50.2 60.2 45.3 <0.05
FL-rd_2010.3 SNP_IGA_321601 A|C C|C 68.3 32.7 55.3 62.4 57.5 <0.05
MD_2009.4 UDP97-402 166|164 176|164 214.1 205.8 202.7 219.5 218.5 <0.0001
MD_2009.6 SNP_IGA_604703 T|C T|T 205.8 205.8 211.7 211.5 <0.05
MD_2010.4 UDP97-402 166|164 176|164 215.5 203.3 200.8 219.1 219.0 <0.0001
MD_2010.6 SNP_IGA_604703 T|C T|T 203.3 205.3 213.8 213.6 <0.05
aMarker and allele information. Band sizes are indicated in base pairs for SSR loci alleles. SNP loci alleles are indicated with the corresponding
nucleotide variant. C1 and C2 are the first and second alleles from Contender and E1 and E2 are the first and second alleles from Elegant Lady
bMean value of the phenotype on each corresponding data set
cMean value for each genotypic class, extracted fromMapQTL 6.0MQM results panel. QTL alleles are representedwith the same symbols than parental
alleles in coupling phase of associated markers; for example, favorable alleles on QTL SK-if_2009.4 are C1 and E2, which are in coupling phase with
allele 237 bp of EPPISF032 associated marker in Contender, and allele 237 bp in Elegant Lady (most resistant genotype is 237|237 for EPPISF032).
Units for SK-if data sets are %, for FL-rd millimeters, and for MD Julian days (e.g., January 1st is considered as day no. 1)
d Significance value from the Kruskal–Wallis test
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single map. Illa et al. (2009) suggested that crosses involving
similar genomes show higher recombination rates than inter-
specific crosses, as the case of T×E. Other peach intraspecific
maps (Yamamoto et al. 2005; Blenda et al. 2007; Dirlewanger
et al. 2007) cover more extensive genetic distances, compared
with T×E Prunus reference map because of the higher num-
ber of markers and individuals used. Improvement of cover-
age and marker density could be achieved by increasing
marker number. For instance, in the “Bolero×OroA” F1 map-
ping population, the addition of ~270 SNP markers (Eduardo
et al. 2012) allowed the coverage of entire linkage groups that
were absent in a previous effort (Eduardo et al. 2010b),
although other scaffolds remained without coverage. In this
work, the addition of 26 SNPs to the SSR data set contributed
to cover regions that appeared as extensively homozygous
when only genotyped with SSR markers on the parents
(markers indicated as “(hm)” on genome scaffolds shown in
Fig. 2). For instance, scaffold 3 is not covered by SSRs in
Contender genome, as just <nn×np> segregation type
markers were found. The integration between SSR and SNP
markers resulted in the absence of gaps larger than 20 cM,
with the largest gap (17.6 cM) located on the middle of group
C×EL-6, one of the genomic regions with extensive homo-
zygosity. Low levels of correlation between SSR and SNP
marker heterozygosity have been detected on peach germ-
plasm (Aranzana et al. 2012); this evidence supports the
integration of such marker types into single data sets. The
lower levels of physical distance of the peach genome cover-
age of single parental map (44.8 % for C and 57.8 % for EL)
have been also observed in other parental maps form F1
populations, such as Bolero and OroA maps (Eduardo et al.
2012), in which some entire groups remained uncovered, as
mentioned before, although large initial marker sets were used
to map construction. As discussed in that study and in Stange
et al. (2013), identity by descent (a consequence of the narrow
genetic diversity of the modern peach cultivars; Scorza et al.
1985) can explain the extensive homozygous regions found in
parental genomes. In the regions covered by the C×EL map,
marker density was 6.9 cM/marker. We regard this map as
sufficiently saturated for QTL detection and BR-associated
marker discovery, since high levels of conservation of linkage
disequilibrium have been observed in peach, extending up to
13–15 cM (Aranzana et al. 2010); this suggests that a map
with such density has enough power of detection of QTLs. In
addition, simulation experiments on maize genome demon-
strated that the increase in map density improves neither the
power of detection nor the power of prediction of explained
variance of a QTL (Stange et al. 2013).
An inversion was observed in the top of group C×EL-6,
between markers SNP_IGA_615381 and SNP_IGA_604703;
also, SNP_IGA_460591, expected to be on Scaffold_4, was
mapped in C×EL-2. These results could be explained by a
misassembly in this region of peach genome (Verde et al.
2013). Similar results have been obtained in other works of
peach linkage mapping using SNP markers (Eduardo et al.
2012; Martinez-Garcia et al. 2013b).
Response to BR infection in peach
Fruit epicarp has been extensively indicated as an important
broad range resistance source against opportunistic pathogens
such as Monilinia spp. In this study, besides considering the
presence and absence of this main barrier, two infection pa-
rameters were scored after direct fungal inoculation on fruit
flesh. With this infection approach, seasonal correlations for
rot diameter in the presence and absence of skin barrier were
observed (SK-rd and FL-rd; Table 2). Considering these cor-
relations, the occurrence of a significant genetic component
controlling the resistance to infection expansion after penetra-
tion could be suggested. Walter et al. (2004) showed a signif-
icant correlation in BR infection area between wounded and
not wounded apricots (47 % with p<0.01). These results were
in contrast with previous studies (Pascal et al. 1994), where no
correlation was found between skin and flesh infection on
fruits of several Prunus cultivars. Walter et al. (2004) argued
that discrepancy in the results was due to technical differences
in the inoculation procedures. In addition, the “low correla-
tion”mentioned in Pascal et al. (1994) referred only to the lack
of similarity between the rankings of cultivar disease impact
obtained after skin and flesh infections and not a regression-
based correlation between two treatments.
Low seasonal correlations for SK-if were found in this
study (high levels of infection in 2009 and low levels in
2010; Fig. 1), as well as C-if trait. SK assays were designed
in order to represent infection of BR on fruit skin occurring in
uniform conditions of humidity, temperature, fruit ripening
stage, and inoculum quantity and strain. The observed varia-
tion across years of phenotyping can be due to environmental
factors influencing fruit barrier efficiency (Gibert et al. 2005;
Gibert et al. 2009; Measham et al. 2009). Since C-if infections
are the result of the presence of natural inoculum on the
studied fruits, in this treatment, environmental variability is
also influencing fungal pathogenicity (Tian and Bertolini
1999), and thus, low seasonal correlations should be expected.
Stabilization of climatic factors and inoculum presence could
be achieved by greenhouse tree growing; however, this strat-
egy is not cost-effective and it does not reflect true conditions
of peach production. No correlations were detected between
C-if and SK-if in any year (Table 2); however, the trend in
overall infection levels is similar since C-if and SK-if values
were higher in 2009 than in 2010, being C-if seasonal varia-
tion less dramatic than in SK-if (Fig. 1). These results could
suggest that in two different seasons, environmental factors
influencing fruit resistance and fungal pathogenicity resulted
in similar trends for two completely different phenotype
scores (see Table 1 and “Materials and methods” section).
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In our opinion, and considering the genetic background
analyzed in this study, the most informative treatment in terms
of BR resistance QTLs discovery was SK-if. Unwounded
inoculations (SK) led to the discovery of two resistance
QTLs that showed significant effects in the 2 years of study
(C×EL-4 and C×EL-2, see below for further discussion on
allelic effects). FL inoculations were important in this study as
season-repeated QTLs were identified in LG C×EL-3, with
minor but significant effects. However, FL could be helpful in
the detection of QTLs for BR expansion resistance in
other peach genetic backgrounds, providing new insights
in defense mechanisms against necrotrophic pathogens
on mature fruits. By contrast, we did not find QTLs
with significant effects for C-if trait, probably due to the
strong influence of the environment on components of
natural infections, such as fruit defenses, fungal aggres-
siveness, and the interaction between fruit and pathogen
(Tian and Bertolini 1999). In conclusion, resistance to
penetration is more interesting for a breeder or a grow-
er, since fruits once infected are lost. For these reasons,
we recommend concentrating in phenotyping efforts on
SK infections.
Maturity date as covariate in MQM analyses
MD showed significant seasonal correlation (92 % with
p<0.0005; Table 2), and strong QTLs were found in C×EL-
4, explaining around 50 % of the trait variability (Table 4 and
Fig. 3). MD_2009.4 and MD_2010.4 QTLs coincide with the
position of a major MD locus previously found in a related
progeny (Eduardo et al. 2010b; Pirona et al. 2013), as well as
others from Prunus genetic backgrounds (Quilot et al. 2004)
and in apple (Kenis et al. 2008), this latter associated with loci
in Malus LG3 and LG10, previously described as syntenic
with LG4 of Prunus (Dirlewanger et al. 2004b; Illa et al.
2011). In addition to its strong effect in MD phenotype, in
this study, MD QTLs of LG4 positively correlated in both
years to most of the traits in at least one season (Table 2). The
correlation observed between C-if and MD (20 % with
p<0.005) is consistent with the hypothesis that lateness is
proportional to pathogen exposure in the orchard, i.e., late-
ripening cultivars are more prone to Monilinia spp. infection
(Topp et al. 2008). Artificial inoculation traits (SK and FL) are
also correlated with MD. This is in agreement with the ob-
tained 9 BR resistance QTLs (out of 12) that clustered in the
MD-associated region on LG4, when preliminary IM QTL
analysis was performed (Electronic Supplementary Material 2
and 3). This MD locus on LG4 has previously been proposed
to exert pleiotropic effects on other fruit traits of Prunus and
Malus, such as fruit size, SSC, and acidity (Eduardo et al.
2010b), as well as chilling injury (CI) susceptibility traits,
which collocated with a MD QTL in an analogous position
of linkage LG4 of a “Venus”×“Big Top” F1map (Cantin et al.
2010). Ripening is the sum of multiple biochemical and
physiological changes that occur at the final stage of fruit
development (Giovannoni 2001). BR resistance decreases in
stone fruit between pit hardening and physiological maturity
(Biggs and Northover 1988; Mari et al. 2003). This change
has been suggested to be due to a concomitant drop in the fruit
phenolic content (Lee and Bostock 2006, 2007; Villarino et al.
2011). Based on our’s and previous results, the relationship
between MD and flesh BR resistance in C×EL may be linked
to varying decay of fruit barriers during the ripening process.
These data support the validity of MD trait as a covariate
factor of BR resistance in fruits, leading to a more precise
genetic dissection of this trait. After applyingMD as covariate
in an MQM analysis, most of the BR resistance QTLs
in the IM analyses were related to C×EL-4 (Electronic
Supplementary Material 2 and 3) and disappeared or fell far
below the LOD significance threshold; conversely, 27 signif-
icant BR resistance QTLs became evident in 23 different loci
that distributed in the 8 covered LGs (Fig. 3 and Table 4).
In the particular case of SK-if QTLs of group C×EL-4,
the MQM analyses with MD covariate allowed to resolve in
a precise way the association of this trait with markers
EPPISF032 (seasons 2009 and 2010) and M12a (season
2010) and not with MD QTL, as resulted after IM analysis.
Selection of significant covariates as factors for genetic
models such as MQM mapping has been a successfully used
strategy in precise QTL mapping of other traits of agricultural
interest in different crops, such as waterlogging tolerance in
barley, in which salinity tolerance was used as a covariate
(Zhou et al. 2012). Similarly, De Koeyer et al. (2004) deter-
mined that the most accurate models to map QTLs for grain
quality traits in spring oat were those including covered/
hulless trait as a covariate, as it significantly correlated with
traits of interest.
QTLs for resistance to BR infection
SK traits reflect the resistance to fungal penetration into the
fruit exocarp, a strong physical and chemical barrier.
Detection of season-repeated QTLs for SK-if on C×EL-2
and C×EL-4 by MQM QTL analysis including MD as covar-
iate suggests that resistance components independent from
MD are being expressed differentially among C×EL seed-
lings (Tables 4 and 5, Fig. 3). Few disease resistance QTLs
have been mapped in the region associated with SK-if QTLs
of C×EL-2. In the “Prunus resistance map” (Lalli et al. 2005),
two resistance gene analogues (RGAs) have been anchored to
LG2. One of these RGAs is situated in the lower region of T×
E-2 group (marker AC19, 10 cM under UDP96-013), collo-
cating with a QTL for powdery mildew resistance (Foulongne
et al. 2003). QTLs for bacterial spot of leaf and fruit tissues of
peach have been recently reported (Yang et al. 2013), indicat-
ing the presence of several putative R genes on the detected
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QTL regions. However, these RGAs encode nucleotide bind-
ing site leucine-rich repeat (NBS-LRR)-type proteins, which
have been related predominantly to the regulation of resis-
tance responses to biotrophic pathogens (such as powdery
mildew and Xanthomonas spp. bacterial spot), leading to a
hypersensitive response (HR), a host-induced cell death at the
site of infection blocking pathogen expansion via nutrient
limitation (Jones and Dangl 2006; Mengiste 2012). Such cell
death in contrast can be beneficial for necrotrophics and can
also induce host cell death (Govrin et al. 2006). About QTLs
associated with marker EPPISF032 in C×EL-4, like QTLs of
C×EL-2, few resistance loci can be found in literature.
Markers linked with ESTs related with resistance to powdery
mildew (a biotrophic pathogen) were found in Lalli et al.
(2005) in a similar map position of LG4 (markers CC136A,
AG8A, and CC138, positioned near BPPCT015 and thus to
EPPISF032). A QTL was recently found in Martinez-Garcia
et al. (2013a) in LG4 of “PopDF” (see below); however, the
QTL resulted significant only 1 year, and significance interval
is in a position around 8,500,000 bp of scaffold 4, far from the
position of QTLs SK-if_2009.4 and SK-if_2010.4b (near
EPPISF032, around 12.77 Mb of the same scaffold).
Recently, QTL analysis for BR resistance in peach has been
published (Martinez-Garcia et al. 2013a). In the cited work,
the authors found two candidate QTLs on the LG1, signifi-
cantly associated with skin BR resistance in 2 out of 3 years of
phenotypic analysis. Although there is a similarity between
the present work and that of Martinez-Garcia et al. (2013a) in
terms of experimental approach, these works differ in funda-
mental points that have led to different results. First, the
genetic backgrounds of the analyzed populations in the cited
and the present study are different: in Martinez-Garcia et al.
(2013a), the studied population is PopDF (cross “Dr.
Davis”×“F8,1-42”), with pedigrees including mostly histori-
cal canning peach cultivars and almond introgressions; by
contrast, most accessions constituting the pedigrees of
Contender and Elegant Lady (parents of the population used
in the present study) correspond to traditional, melting fleshed
peach cultivars, characterized by a recurrent presence of
“Chinese Cling” and “JH Hale,” and any introgression from
other Prunus species is observed in their lineages. In the case
of quantitative traits, like BR resistance, favorable alleles
segregating in a population can be absent in populations with
a different genetic background, carrying to the discovery of
different QTLs, depending on the population studied. An
example of this can be found in Eduardo et al. (2010b), where
different QTL MD traits were found in different genomic
chromosomes depending the population analyzed. Another
key difference between these studies is the statistical approach
used to discover QTLs: in the latter, the authors show “candi-
date QTLs” determined with IM of MapQTL software; in our
research instead, rMQM analysis was applied and presented
QTLs have been determined after a complete analysis. IM is
an initial step in QTL analysis, followed by the use of co-
factors in a MQM or rMQM, as indicated by software authors
(Van Ooijen 2009). MQM and rMQM are implemented to use
co-factors (i.e., markers near candidate QTLs determined by
IM and confirmed by ACS) in a multiple QTL model that
results in a substantial reduction of the residual variance,
increasing the QTL analysis power; also, with the use of co-
factors, QTL effects are adjusted for unequal presence of
additional QTLs on both allelic classes of a parental locus,
which can increase or decrease the significance of the QTL.
This approach has been performed on QTL analysis for differ-
ent traits and plant species (Singh et al. 2009; Rant et al. 2013).
From the presented results of F1 seedling genotypic values
(Table 5), it can be noticed that mainly Contender parent
transmits variation in QTLs for SK-if of C×EL-2, being the
presence of C1 allele of SK-if_2009.2 and SK-if_2010.2 (in
phase with 115-bp band in marker M1a) associated with more
resistant phenotypes. In addition, in respect to QTLs of group
C×EL-4 (linked to EPPISF032), alleles conferring skin resis-
tance come from both parents, as more resistant seedlings have
C1/E2 and C2/E1 QTL genotypes). These findings indicate that
Contender and Elegant Lady are carrying alleles on at least two
genomic regions with both negative and positive effects to the
probability of active penetration by M. fructigena. This could
explain the presence of transgressive seedlings in almost all
traits considered in this study (see Supplementary Material 4).
Especially for SK-if, a high proportion of seedlings classified
as transgressive in both years of analysis (7 out of 10) simul-
taneously carried favorable alleles of M1a and EPPISF032.
Concluding remarks
QTLs identified in this work point to few genomic regions
underlying BR response traits in the C×EL cross and provide
a starting point for the development of MAS for increased
resistance to BR. However, further dissection of these chro-
mosomal regions is required to obtain tightly linked markers,
and F2 populations need to be studied to evaluate with more
precision the additive, dominance effects and/or epistatic in-
teractions of these QTLs, as well as to detect new regions
contributing to the phenotypic variation on the studied popu-
lations. The recent publication of the peach genome (Verde
et al. 2013) and the previously released SNP platforms,
allowing simultaneous analysis in thousands of SNPs
(Ahmad et al. 2011; Verde et al. 2012), offer unprecedented
opportunities to find polymorphic markers in order to saturate
these regions.
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